Introduction
Nanoparticles (NPs) owing to their size have many distinct and unique native properties. The nanoscale size allows these NPs to have interaction at the molecular level. There are several noninvasive techniques used for molecular imaging, and there exists numerous ways through which they can be improved for a better quality imaging. [1] Multifunctional NPs are known to enhance the way of monitoring and revealing molecular level events. Enhancing the imaging through NP-based probes, like creating high contrast images, is the most efficient way to get improved results. [2] Therefore, greater concentration toward nanoprobe development is essential in present research scenario.
Functionalization enhances the properties and characteristics of nanoparticles through surface modification, and enables them to play a major role in the field of medicine. In molecular imaging, quality functional images are required with proper differentiation which can be seen with high contrast to obtain viable information. This review article discusses how functionalization enhances molecular imaging and enables multimodal imaging by which images with combination of functions particular to each modality can be obtained. This also explains how nanoparticles interacting at molecular level, when functionalized with molecules can target the cells of interest or substances with high specificity, reducing background signal and allowing simultaneous therapies to be carried out while imaging. Functionalization allows imaging for a prolonged period and enables to track the cells over a period of time. Recent researches and progress in functionalizing the nanoparticles to specifically enhance bioimaging with different modalities and their applications are reviewed in this article.
The applications of NPs were considered to be very limited due to their low targeting efficiency and high toxicity levels. [3, 4] The unprecedented incorporation of NPs for imaging can even cause irreversible molecular and cellular damage. In the absence of any molecular moiety being attached, these NPs generally show nonselective distribution across the body and inability to overcome the biological hindrance like Blood Brain Barrier (BBB), and thus, fail to satisfy the preconditions necessary for molecular imaging. Their surface properties have to be modified for use in various fields of enhanced imaging and to overcome the little drawbacks these nanoscale particles had earlier.
The era of nanoprobes development paved the way for research on functionalization of NPs to aid various approaches of imaging techniques. Ultimately to diagnose the disease and to monitor the delivery and effect of these NPs, we need efficient molecular imaging methods. Functionalized nanoprobes will serve the multidimensional purpose as a few NPs can not only interact at the molecular level, but also have superior optical properties which sometimes can be tuned with respect to the size, like in the case of carbon nanodots. [5] Also for the probes to be compatible with the advancements in the instrumentation of imaging modality, like in case of hybrid imaging, functionalization is required.
Functionalization refers to the surface modification of NPs, which includes conjugation of chemicals [6] or bio molecules on to the surface like folic acid, biotin molecules, oligo nucleotides, peptides, antibodies, etc., to enhance the properties and hit the target with high precision. [7] In addition to this, the functionalized NPs have good physical properties, anti-corrosion, anti-agglomeration and noninvasive characteristics. Intense researches has been carried out to functionalize the NPs to enhance its overall efficiency and modality. [8, 9] Functionalization of NPs allows us to inculcate properties that we are specifically interested to incorporate in NPs, thus, it can be done to aid a specific imaging modality approach. It not only helps in getting better image quality, but also increases the applicability and functionality of the imaging modality. In various researches, functionalization of NPs is also found to be done with another NP for enhancing its characteristics. Qu et al. worked with silica NP which have high biocompatibility, was layered with magnetite NPs, and further functionalized with dyes on the magnetite layer. [10] The silica NPs which cannot be used as contrast agents (CAs) earlier can be utilized as T2-weighted CAs in magnetic resonance imaging (MRI) and also in optical imaging. This shows that there exists a dependency of imaging techniques on functionalization approaches. The reliability on the images depends on the specificity of the probes to avoid false positives, and therefore, to develop highly reliable imaging techniques for diagnostic purposes, ideal probe development strategies are needed. Since only after diagnosis, one can take important decisions on the type of disease and the intensity of treatment, apt probes with suitable surface properties is needed.
This review paper discusses the interdependency of NP functionalization and molecular imaging techniques, which aids the imaging approaches in functionality and applicability. The most recent researches available in this field from the year 2012 to 2016 are reviewed. The chemistry behind these functionalization approaches including noncovalent binding, covalent conjugation, surface coating and others are discussed. An overview is provided how functionalization can enhance and assist specific imaging techniques like confocal microscopy, fluorescence imaging, MRI, positron emission tomography (PET), and computed tomography (CT), for in vitro and in vivo studies. Functionalization enables loading NPs with multimodal characteristics, targeted functionalities and possibilities of various intraoperative procedures to be carried out. The various other domains related to molecular imaging which have benefited from functionalization are also discussed, such as theranostics, multimodal and hybrid imaging, intraoperative therapies and molecular targeting.
Chemistry of Functionalization
The chemistry of functionalization determines the interaction of nanoprobe with biological environment and also with the imaging modality technique. Various approaches of functionalization of NPs are explored as per the applicability, efficiency and other requirements of molecular imaging. Figure 1 provides an overview of molecules of interest which can be attached to the NPs through secondary linkers. Functionalization of NPs involves conjugation of molecules on the surface of the particles. The high surface to volume ratio allows efficient functionalization of particles to suit our needs. It is important to know about the chemistry behind the conjugation as it would enable us to know the feasibility of various functionalization approaches.
Noncovalent Binding
Conjugation can happen through noncovalent interactions by attaching some specific secondary ligands. Noncovalent conjugation of biomolecules on NPs is generally known to be performed through affinity-based receptor-ligand systems. Various approaches of noncovalent binding include electrostatic interaction, π-π stacking and entrapping biomolecules in biocompatible films like phospholipids, polymer, DNA, etc. [11] Agudelo and co-workers showed that tRNA molecules can be noncovalently attached to the chitosan NPs through H-bonding and electrostatic interactions via G-C and A-U base pairs. [12] Li et al.
worked with cadmium telluride (CdTe) quantum dots (QDs) for luminescent sensing of lysozyme by conjugating it with lysozyme binding DNA, through electrostatic interactions. [13] 
Covalent Conjugation
Functionalization is also possible by direct binding of molecule of interest to the reactive ligands on NP surface, facilitated by covalent conjugation. This approach involves linkage reaction aided by catalyst and is mostly preferred with unspecific physisorption in terms of stability of functionalization. [11] Svenson et al. proved that, instead of electrostatic attraction, covalent linkers can be used to form poly(d,l-lactic-co-glycolic acid) (PLGA)-Small interfering RNA (siRNA) conjugates for efficient release of siRNA molecules. [14] Various approaches of covalent conjugation include chemisorption via thiol derivatives, bifunctional linkers/mediator linkers, adapter mole cules such as streptavidin and biotin and dative binding.
Inorganic NPs like metal NPs have to be coated with silica or some other polymers which can introduce functional groups to them. [15] Surface coating also imparts additional functionality to the NP as it allows targeting ligand/therapeutic attachment. Konduru et al. coated amorphous silica on zinc oxide NPs to alter its biokinetic behavior and biological responses in rats by affecting protein corona, agglomerate size and zeta potential. [16] NPs can be coated with organic (monomer and polymer) and inorganic (metal and oxides) layers. Among the metals, gold and silica are well explored to be coated on NPs to induce high stability and conductive environment for subsequent functionalization. As coating may hinder the magnetic/physical properties of NPs, it should be taken in consideration for imaging applications. [17] 
Surface Epitaxial Growth
Epitaxial approach involves modification of NP surface by depositing an inorganic or organic overlayer on a substrate. Bifunctional composite NPs can be obtained by epitaxial growth of iron oxide NPs (IONPs) on the Au seeds to get Au−Fe 3 O 4 NPs, by decomposing Fe(CO) 5 on AuNP surface followed by oxidation. [18] Hachtel et al. worked synthesized microwave assisted gold nanotriangles decorated with IONPs, providing both magnetic and plasmonic properties to the particle. [19] Epitaxial approach provides a wider scope of multifunctional nanoprobes development.
The mentioned approaches and chemistry of functionalization, together with various other methods, provides a wide scope of functionalizing NPs to enhance it for molecular applications and other biological applications.
Functionalization to Enhance Biocompatibility
Surface modification of NPs affects various characteristics including size, surface chemistry, hydrophilicity and hydrophobicity, charge, etc., thus could alter the solubility, biocompatibility, biodistribution, and clearance of developed nanoprobes.
NPs when coated with small molecule or polymer like dextran, starch, citrate or poly(ethylene glycol) (PEG), the developed nanoprobes shows enhanced biodistribution with longer circulation time and efficient uptake. Hydrophilic polymers, like PEG, can be conjugated with NPs to provide steric stabilization and thus preventing protein absorption. [20] Also, it exhibits prolonged blood circulation for in vivo administration. Modified surface chemistry of NPs can significantly affect their in vivo pharmacokinetic behavior. Linking superparamagnetic iron oxide NPs (SPIONs) with PEG molecules is known to increase the hydrophilicity, stability and to reduce cytotoxicity levels. [21] Ulusoy et al. showed that QDs CdTe/CdS/ZnS heavily functionalized with mPEG (methoxy PEG) showed a severe decrease in the deposition of the ZnS, increase in the colloidal stability suitable to cure solid tumors and also improved binding affinity with decrease in fluorescence only by 3%. [22] Due to increased binding affinity, cellular interactions were clearly visible through confocal microscopy.
Clearance of NPs is an important aspect for its applicability in molecular imaging, and renal excretion represents a desirable pathway with minimal catabolism. Functionalization can alter physical properties of NPs and can make it effective for clearance. Clearance studies with polyamidoamine dendrimerbased NPs shows effective glomerular filtration, equivalent to conventional molecules. [23] Choi et al. worked with QDs made of CdSe core and a ZnS shell, coated with anionic, cationic, zwitterionic or neutral small molecules. [24] The result showed rapid and efficient urinary excretion of QDs for zwitterionic or neutral organic coatings as it prevented adsorption of serum proteins.
It can be conferred that surface modification of NPs induces biocompatible characteristics to nanoprobes, which is essential for proper administration, targeting, biodistribution and clearance in molecular imaging applications.
Functionalization to Enhance Imaging
Various approaches of functionalization of NPs are explored by researchers to specifically enhance the molecular images acquired with different modalities, both in vitro and in vivo. These functionalized nanoprobes are capable of interacting in accordance with the imaging technique, and thus revealing the desired structural and/or functional information.
Confocal Microscopy
In vitro analysis allows us to see how successful an experiment is, through simple means. Confocal microscopy allows imaging the cell culture at different planes, and recombining them provides a 3D image. It helps to negate the auto fluorescence by making use of the different excitable states existing in the biomolecules and the fluorescent dye. The drug delivery mechanisms can be studied in vitro. Therefore, probes which could enhance the images obtained through confocal microscopy are constantly being developed. Nanoprobes are also used for in vitro cell uptake analysis. NaYF4:Yb 3+/ Er 3+ nanocrystals can be used for imaging through fluorescence microscopy. Kostiv et al. tried linking the trimethoxysilane to the silica coated NPs, then the amine groups were introduced on their surfaces to which biomolecules can be attached to target them to specified location and making cellular uptake of the NPs possible through transcytosis, which can be imaged using confocal microscopy for precise analysis as shown in Figure 2 [25] Zarebkohan et al. worked with confocal microscopy and identified that the Serine-Arginine-Lueucine functionalized dendrimer NP can cross the BBB and deliver the gene loaded in the particles. [26] Confocal microscopy helped to confirm the entry of NPs across the BBB in vitro using blood capillary cells lining the BBB. Passivated upconversion NPs (UCNPs) enhance the emission by preventing the energy loss and help the build-up of energy in absorbing ions to give greater brightness. Gu et al. reported that functionalizing dyes on to the UCNPs can be used to detect the Hg 2+ concentration through the blue shift viewed through confocal microscopy which happens because of the reaction between the dye (pure compound) and the Hg 2+ . [27] This increases the utility of the confocal microscopy. QDs are one important category of probes which could be used in fluorescence imaging. Their use was limited due to the high cytotoxicity levels. Imaging particular regions of interest through fluorescent nanoprobes via confocal microscopy was made possible in a research conducted by Michalska et al. in linking LTVSPWY peptide to the CuInZnxS2+x QDs. [28] The NPs made out of dendrimers with attached organic dyes have 'soft' fluorescence. Therefore, QDs functionalized with TSPO ligands enabled Fanizza et al. to create highly luminescent probes which can be used to visualize mitochondria through confocal laser microscopy. [29] Ruthenium functionalized NP complexes can be enhanced selectively and also the emission properties of these particles are distance dependent. Martínez-Calvo et al. showed that Ru(II) can bind to the DNA though groove binding which creates alterations in the photo properties. It can be captured by the confocal microscopy to analyze the induction of apoptosis in the cells because of binding DNA with Ru complexes. [30] Tamborini et al. showed the cellular uptake of PLGA NPs functionalized with chlorotoxin which specifically targets glioma cells and reported that it can be analyzed by doping optical CAs like Ag NPs. [31] 
Fluorescence Imaging
Fluorescence imaging can effectively image the interactions happening at the molecular level with very high sensitivity and can detect the expression levels. To better utilize the imaging system, nanoprobes can be tuned accordingly. Researches have explored various methods based and NP functionalization to enhance fluorescence imaging.
High-resolution fluorescence microscope, together with functionalized nanoprobes are being used for imaging deep inside biological tissues. Pajovic´ et al. reported that functionalization of gold NPs with multiple layers of tryphtophan yields particles with varying fluorescent properties as this bioconjugation increase the lifetime of excited states. [32] Since tryptophan absorbs and emits in the UV range, deep ultraviolet imaging can be done. Multiphoton imaging (MPI) helps in reducing the signal to noise ratio since auto fluorescence is minimized as biomolecules have a low two photon cross section. Instead of QDs doped with heavy metals, Natalio et al. in their study confirmed that silica particles can be used in MPI after functionalizing with SOCl 2 and with N-Boc-1,4-butanediamine which introduces chlorine groups and amine groups on the surface, which further allows for conjugation of biomolecules. [33] The SiO 2 -N gives fluorescence characteristics to the NPs. Depth of imaging depends on the excitation light properties like transmission and focal capability. Wang et al. showed that gold nanorods functionalized with PEG are luminescent probes when excited at 1000 nm through femtosecond laser, 600 um depth of in vivo imaging of brain is done with high contrast images obtained due to three photon luminescence whereas for excitation at 760 nm, imaging is done at a depth of 430 um with two photon luminescence signals. [34] NP specific functionalization approaches for fluorescence imaging are also explored with various types of particles including silica NPs, QDs and carbon nanostructures.
Silica NPs
Surface of silica can be altered in several ways by linking various functional groups. Especially mesoporous particles can entrap functional groups, shielding from the external factors. / Er 3+ &SiO 2 -NH 2 nanocrystals. b) Overlays of (a) and upconversion luminescence (excitation at 970 nm and detection at 500-700 nm). Adapted with permission. [25] Copyright 2015, The Royal Society of Chemistry.
Vivero-Escoto et al. identified that when the dye tris(2,2′-bipyridyl)dichlororuthenium(II) (Ru(bpy3))2+ complex is entrapped, higher quantum yield is obtained than the dyes alone. [35] But leaching can reduce its efficiency therefore the use of covalent interactions to link the dye through trialkoxysilnae can be carried out. Silica particles doped with three different dyes and functionalizing the silica NPs with three different peptides or aptamers by introducing biotin linked via PEG, pave way for multi imaging simultaneously. Wang reported that silica particles when attached with aggregation induced emission (AIE) dyes through non covalent interactions, enhanced fluorescence is obtained, and further loading with the AIE luminogens will not initiate the quenching effect. [36] Aptamer linked functionalized particles along with the AIE dyes can target the MCF 7 cells with high specificity and the aggregation of NPs in that region causes fluorescence. Through this method, we can eliminate the false positives and negate the confusions. Figure 3 shows the concept behind aggregation induced fluorescence. We can clearly detect the areas where tumor is accumulated and high precision intraoperative therapies can be carried out.
Quantum Dots
QDs are used for efficient bright fluorescence imaging, but their use has become very limited to their high toxicity levels and low stability. Tasso et al. showed that controlled functionalization can happen by capping the surface with multidentate dithiol/zwitterion copolymers which serve as ligands to bind with a defined number of protein molecules which in turn can bind the functional antibodies. [37] The zwitterion ligands attaching passivate the surface of CdSe/CdS/ZnS QDs to enhance fluorescence and also all these functionalization reduces the cytotoxicity. QDs are generally functionalized with chitosan molecules for greater stability and allow further functionalization to conjugate biomolecules to develop theranostic agents. Birma worked with Mn:ZnS QDs and coated them with chitosan bound to folic acid which has fluorescence intensity dependent on the concentration of Mn 2+ doped. [38] 
Carbon Nanostructures
Several highly biocompatible nanostructures made out of carbon source are available with unique luminescent properties.
Graphene dots of diameter 1.65 nm prepared through Microwave Assisted Hydrothermal method with glucose as the sole carbon source are very similar to the carbon dots but they have crystalline structure with auto passivated surface. Also, in the study conducted by Tang et al., deep ultraviolet emission is observed in graphene QDs attributed to the passivated surface instead of emission in the visible spectrum to negate the auto fluorescence. [39] Their luminescent properties cannot be altered with size. Carbon dots with amorphous structure have attracted a great deal of attention in the recent years due to their biocompatibility compared to all sort of nanosized particles. Carbon dots can produce fluorescence in comparison to QDs or more enhanced version is achieved by functionalizing their surface with passivating agents like PEG 1500, L-tyrosine, [40] etc. Functionalizing carbon dots again with carbon dots, that is cross linking them, produces photochemical stabilized particles with high brightness for applications requiring high sensitivity. [41] Xu et al. reported that, simply adding GdCl 3 to the solution mixture containing a carbon source(citrate acid) and passivating agent (ethanediamine) create better MRI agents than DTPA linked Gd particles because of high loading, with its quantum yield efficiency unchanged. [42] Li et al. worked with multiwalled carbon nanotubes (MWCNTs) of diameter 40-60 nm and showed that those tubes can be oxidized to introduce carboxylic groups on the surface to attach with Fe(III) ions and later link with SPIONs through solvothermal procedures. [43] These MWCNTs now can be analyzed through MRI along with fluorescence, therefore giving better details about the in vivo biodistribution and clearance even 30 d after injection. In the experiment conducted by Prabhakar et al., oxidized graphene QDs capable of tuning fluorescent properties showed a greater stability, high cellular uptake and its fluorescence is slightly increased instead of being quenched through the functionalization of polyethyleneimine (PEI)-PEG-Folic acid on its surface. [44] The PEI directly attached increases the electrostatic attraction and folic acid helps in targeting the cancer cells through overexpression of folate receptors. Wang et al. reported that Octa-aminopropyl Polyhedral Oligomeric Silsesquioxane Hydrochloride Salt (OA-POSS) acts as a passivating agent for the carbon dots. [45] Here, the carboxylic group reacts with the amine group in the OA-POSS. The CDs with 3.6 nm were soluble in water with 24% of quantum yield efficiency. Yang et al. quantum yield efficiency of 34.8% and used for tracking the Transacting Activator of Transcription peptide uptake in HeLA cells by conjugating it with the NPs. [46] Such a bright fluorescence is obtained with which analysis can be done at a single particle level.
Magnetic Resonance Imaging
NPs are used and replaced over other CAs because of the long blood circulation times useful for prognosis and it can be functionalized to improve its functions. [47] In MRI, there are two types of CAs-negative and positive which are also termed as T2 weighted and T1 weighted, respectively. Magnetic NPs like IONPs are negative CAs with r2 relaxivity. But efficient contrast images can be captured by using T1 weighted compound like soluble gadolinium. [48] Figure 4 shows the classification of MRI CAs. Modifying the surface with these CAs is more beneficial than core doping as the protons in the tissue has to interact with CAs to produce images with specific intensity. [49] Highly biocompatible and biodegradable NPs are preferable for theranostic applications. Ratzinger et al.'s researched on surface functionalization of PLGA NPs with Gd 3+ , fixing it with ligands like DTPA or DOTA to introduce reactive groups which can covalently attach with Gd 3+ and other molecules on the surface, preventing their release proves the particles transform as efficient MRI CAs. [6, 50] Polymers like Polysilsesquioxane which are extremely biocompatible, easily available and its physiochemical properties can be changed very easily was surface functionali zed with Gd(III) by Vivero-Escoto et al. to make CAs. [51] Also to reduce the signal to noise ratio, functionalization with PEG or molecules like anisamide which decreases the cytotoxicity reduces the interaction with the protons present in the water molecules. The signal produced is mainly due to the interaction with tissue. This way, the CA's efficiency and quality increases. In case of negative CAs, the ability to quench the MRI signal determines its efficiency.
Rosenberger et al. encapsulated magnetic NPs encapsulated with human serum albumin, which proved to act as efficient quenchers even after highly diluting the tracer. [52] The human serum albumin provides the reactive functional groups on the surface to make them multifunctional. Mostly positive contrast images are preferred for analysis. Ultrasmall iron oxide particles are capable to act as positive CAs and therefore there is no need of conjugating Gd. Thus, there is more room to functionalize the NPs, therefore Luo et al., to make them multifunctional and less cytotoxic, linked the NPs with Arg-Gly-Asp (RGD) peptide via PEG to target the integrin receptors to image angiography and glioma. [53] PEG-SPION are known to show increased relaxivity times, thus enhancing the image contrast in MRI. Also, they can act efficiently as dual CA for both T1 and T2 weighted in vitro MRI. However in vivo T1 weighted imaging with it cannot be done as aggregation occurs due to opsonization by immune cells. [21] The improvement in signal contrast provided by PEGlyated SPION allow to diagnose diseases like atherosclerosis which was not possible before functionalization due to low signal enhancement and high toxicity concerns. [54] MRI based nanorobotic systems based on NPs are in research and development for various diagnostic and therapeutic applications. Tabatabaei et al. worked on the development of nanorobotic carriers for delivery of drugs which used localized hyperthermia to disrupt BBB based on the fact that alternating magnetic fields excites the NP and causes elevation in temperature. [55] Similarly, Martel et al. showed that magnetotactic bacteria can be loaded with therapeutic agents with realtime navigation and control through MRI based feedback. [56] 
Positron Emission Tomography
PET is a functional imaging modality which can analyze the metabolic processes and can detect diseases before structural modifications show up in the body. NPs are conjugated with radiotracers for enhanced and prolonged PET imaging. Chen et al. showed that Mesoporous Silica Particles (mSiO 2 ) linked with TRC105 antibody which is specific to CD105 present in the murine breast cancer cells, which are also functionalized with thiol and PEG molecules for its stability reduce opsonization. [57] Now when the mSiO2 NPs are attached with 64 Cu radioisotope through the bond with NOTA (C 20 H 37 N 3 O 6 ) chemical molecule functionalized mSiO2 NPs by treating with 64 CuCl 2 , they become PET imaging agents as shown in Figure 5 .
Highly reproducible graphite oxide dots can be prepared with functionalizing ability. Yang et al. linked graphite oxide dot's surface to PEG molecules and IONPs to create MRI CAs or attached to iodine radioisotope I 125 for a prolonged analysis through PET imaging. [58] Biomimetic synthetic apatite NPs, also known as AP-NPs were loaded with two radio isotopes by Sandhöfer et al., 18 F directly inserted into the lattice and 68 Ga attached by surface functionalization through NO 2 APBP, produced significant PET signals with stability of 90 min. [59] NPs derived from the polyester 4-( 18 F)fluorobenzyl-2-bromoacetamide (( 18 F)FBBA) were coupled to the block copolymers by Di Mauro et al. to image through PET and also to enable imaging through CT which can picture the fate of NPs. [60] 
Computed Tomography
X rays can only give a 2D image, but CT, by utilizing X-ray techniques can produce a 3D image. Liu et al. worked with BaYF5: Yb/Er NPs which allows CT imaging, as Ba and Yb ions which are doped into, can absorb X-ray efficiently and also when excited by 908 nm, green and red upconversion emission was observed without any auto fluorescence. [61] Through CT imaging modality, these dual modal probes were observed in the spleen for more than 2 h which can enable us to detect splenic diseases. Cole et al. reported that when gold NPs are linked with biphospahte, it can detect the microcalcifications composed of hydroxyl apatite which are beyond detection when nonfunctionalized particles were used. [62, 63] Therefore, functionalization enhanced the image contrast by particular binding to Hydroxyapatite crystals. Gold nanorods can be used as CT imaging agents as well as gene carriers through functionalization of interested gene through poly(2-(N,N-dimethyl amino)ethyl methacrylate). [ with iodine in equimolar concentration to create dual probes, enabling MR imaging and PET. [65] They also reported that imaging through these sheets showed a higher CT about 3200% greater at equimolar concentration of iodine and manganese. Silvestri et al. proved in their research that gold NPs conjugated with PEG molecules created directly by digestive ripening process followed by metal vapor process result in uniform and desired size CT CAs. [66] PEGlyated Au NPs of 3.8 nm removes the concerns regarding toxicity and enables stable imaging for a prolonged time. As shown in Figure 6 , the attenuation in tube containing PEGylated Au NPs were found to be 8 times higher than the normal in vivo tissue. Table 1 enlists the significant molecules functionalized for specific imaging techniques and the effect of functionalization in imaging.
Functionalization to Enhance Theranostics
NP functionalization can enhance both, imaging and therapy simultaneously, thus development of theranostic nanoprobes for tumors is a major focus of various recent researches. The surface modification of NPs is known to provide targeted accumulation in tumors tissue due to Enhanced Permeability and Retention (EPR) effect. [67] This helps in clear identification of area of interest in molecular imaging as well as targeted drug delivery. In comparison with normal tissue, the tumors have more permeable vasculature, poorly defined lymphatic system, and increased level of various other factors including vascular endothelial growth factor and basic fibroblast growth factor, and this differentiation assists in enhanced targeting. [68] Xin et al. showed through in vivo fluorescence imaging that the Angiopep-2 conjugated PEG-Polycaprolactone (PCL) NPs can selectively bypass the BBB and actively accumulates in glioma tissue due to EPR effect, in higher concentration than the nonfunctionalized NPs. [69] This confirmed that conjugating NP with Angiopep-2 induces glioma targeting capability through Lipoprotein Receptor-related Protein (LRP)-mediated endocytosis in glioma cells.
In a study conducted by He et al., liposomes which have a lipid bilayer similar to the cell membrane was made multifunctional by loading in magnetic iron oxide NPs (MIONs) and a drug mitoxantrone which is effective against cancerous cells. [70] This enabled the injected liposomes to be used as a CAs for MR imaging due to the MIONs and it can be directed against cancer cells. Further, for better targeting, MION was functionalized with gonadorelin which could interact with Luteinizing Hormone-Releasing Hormone (LHRH) and increase the uptake of drug in cells only with those with overexpressed LHRH receptors.
NPs alone were used for therapies instead of using carriers like liposomes through functionalization. Yang et al. showed that, iron sulfide (FeS) nanoplates when functionalized with PEG shows increased absorbance at near-infrared (NIR) region and the NPs accumulated at the tumor sites, which allowed to conduct photothermal therapy. [71] Also the FeS particles attached to PEG molecules showed higher r2 relaxivity than the Iron Oxide Particles (IONs) and thus prove to be a better diagnostic agent also. Zolata et al. worked with SPION, in which NPs were heavily functionalized to equip them with almost all functions possible. [72] SPIONs surface was altered with 3-Aminopropyltriethoxy Silane (APTES) and PEG on their surface to increase the half-life and reduce toxicity. Then its surface was attached with the drug doxorubicin and biofunctionalized with antibody both used for cancer therapy. Also these particles were further labelled with indium-111 to make them dual modality (SPECT/MR) probes. More specific drug delivery can happen through biofunctionalization. Aires et al. identified that targeted drug delivery to the CD44 positive cancerous cells can be done by functionalizing the magnetic iron oxide particles with antibodies(anti-CD44) and gemcitabine derivatives used as anti-cancer drugs. [73] These particles were used as efficient theranostic agents.
As biodistribution of particles at nanoscale is dependent on many factors and undesired tissue uptake is well known issue, functionalization of NPs can also assist proper biodistribution [74] and enhanced molecular level interaction. [75] 
Functionalization to Enhance Targeting
Specific imaging of certain areas or cells to analyze a disease or tissue damage quantitatively is very important and that can be done only when the labelling is done with high specificity. In the case of malignant brain tumors, the glioblastoma cells (U87 cells) were confirmed with overexpressed Transferrin receptors. Ryoko Tsukamoto used QDs to label the U87 cells. [76] QDs were . [77] The QDs can also be functionalized with peptides like BSA and S. Hu et al. produced it in a single cost effective step using microfluidic chips. [78] Borny et al. synthesized NPs out of Fe 3+ and Fe 2+ which were coated with dextran in a "hairy like" way and made biocompatible. [79] Also the particles were detectable at very low concentration, which helps in early diagnostic approaches. To quantitatively measure the pancreatic beta cells which progressively decreases in those who suffer from diabetes mellitus, Ultrasmall Super Paramagnetic Iron Oxide Particles were functionalized by Burtea et al. with the peptide P88 which interacts with (FXYD2)Ya, a biomarker very specific to beta cells. [80] Thus, these NPs helps to keep in check the count of cells. Also to study the nanoscale folding of DNA, Doane et al. functionalized quantum rods(QRs) with complementary ssDNA molecules which hybridized with the genome. [81] The partial hybridization (protection) of short strands to ssDNA attached to QRs and by using mild Tm temperature (deprotection), better DNA coverage is possible through functionalization. As shown in Figure 7 , gold NPs linked with aptamers which target ochratoxin A(OTA) or 17β-estradiol, that regulates various brain functions can be used to detect the concentration of these target substances through colorimetric assay. [82] This assay has a high sensitivity and specificity because of the aptamers conjugated with the Au particles. It proves that the targeting efficiency increases through functionalization.
Functionalization to Enhance Multimodal Imaging
Multimodal imaging is a developing area where images from different equipment of the same scene is captured and superimposed to render multiple details such as the contrast, function, intensity, etc. Functionalization plays an important role in creating multimodal probes with ease. He et al. doped the UCNPs, having unique optical properties, with Gd 3+ to create dual modal probes. Gd 3+ is a positive CAs in MRI therefore the contrast is dependent on its concentration. [83] These were further coated with PEG molecules, bi-layered with PEI and its surface attached to DNA to create probes which could carry out gene transfection. Also it was observed that these UCNPs have greater R1 value than the DTPA Gd 3+ solution. Yen et al., as shown in Figure 8 , functionalized the magnetic NPs, conjugated with polymers, with NIR dye(IR -820) and these particles now can be used for both optical and MR imaging which also exhibited less toxicity. [84] The dye's Stokes shift can be tuned from 106 to 208 nm through functionalization. Zhang et al. developed nanoprobe based on lanthanide for various image guided diagnosis with tunable MRI contrast and also for NIR activated Photodynamic Therapy (PDT). [85] Xue et al. reported that SPIONs conjugated with 99mTc allows imaging through (SPECT). [86] PET imaging is done to study the body functions through biochemical reactions. Therefore, before anatomical changes appear we can detect the formation of disease which is one great advantage over MR imaging. Pellico www.advancedscience.com www.advancedsciencenews.com 68 gallium, a radioisotope, will make dual modality-PET/MRI probes. [87] NIR Fluorescence Imaging (NIRF) is highly desirable as auto fluorescence by normal tissue is low at that excitation wavelength. QDs can absorb and emit in NIR region and does not lose its native properties even after heavy functionalization. Therefore, functionalization with various ligands each specific to a particular target can be made to diagnose multiple abnormalities. Hu et al. conjugated these QDs with 18 F radioisotope and therefore QDs can act as PET/NIRF probes to get a better insight. [88] In multicomponent oxides like La1 xSrx MnO 3 (LSMO), magnetic properties can be better tuned than the binary version-iron oxides and when Kačenka et al. coated LSMO with the silica shell to which rhodamine molecules were linked, highly stabilized bimodal probes with increased florescence durability and improved magnetic properties were created through the silica shell covering. [89] Zhang et al. created multi modal probes by loading micelles with Au NPs, an excellent CA for CT imaging, and AIE red dye, such that the features of the dye are undisturbed. [90] CT/fluorescence probes with excellent penetration quality and high sensitivity are made possible by this way since Au is a strong quencher. Therefore, there is no need of injecting several probes specific to each modality.
Functionalization to Enhance Intraoperative Therapies
NPs largely used as probes can distinctly show the affected or diseased area with high contrast and good specificity. Simultaneously while imaging those areas if a therapy could be carried out, then the treatment can be done with high precision.
Immunotherapies for cancer can be done using NPs which help us to keep in track the immune cells useful during metastasis. [91] When the energy absorbed is emitted as heat radiation then PDT is carried out to lyse the cells while imaging. For this, the NPs have to possess high specificity toward interested cells. Secret et al. showed that NPs attached to photosensitizers like porphyrin through covalent interactions can be used to carry out PDT and also through this attachment a Two Photon Excitation (TPE) can be done by transferring the energy after exciting the silica particle to the porphyrin. [92] TPE allows us to do imaging at a greater depth and the silica particles loaded with mannose moieties help in targeting the interested cells. The amine groups linked to the YPO4: Eu NPs couple with carboxyl groups in the PEGylated iron oxide particles which make up the hybrid nanostructures. Barick et al. proved that the magnetic field induced by alternating current can cause self-heating of these hybrid particles at highly specific absorption rates which enables us to control the therapy while imaging. [93] Just the SPIONs have a good heating capacity of about 500 W g −1 Fe in alternating magnetic field of particular conditions of frequency. Kossatz et al. functionalized SPIONS with nucant multivalent pseudopeptide and doxorubicin through electrostatic interactions and reported that those SPIONs can be used to do magnetic hyperthermia therapy with enhanced cytotoxic effects toward the breast cancer cells. [94] Jang et al. studied the thermal ablation of cancer cells with NIR laser light by irradiating nanographene oxide particles linked with two ligands, cyclic Arg-Gly-Asp (cRGD) and folic acid. They showed that in comparison with single ligand being attached, the combined effect of two ligands provides better targeting efficiency and also allows to clear the tumor growth at a large level due to the increased cellular uptake of these NPs. [95] Liu et al. reported that, two dimensional MoS 2 nano sheets can efficiently bind the iron oxide particles through sulfur and 64 Cu can strongly be adsorbed onto its surface which allows photothermal therapy at greater accuracy through multimodal imaging (MRI, PET, Photoacoustic tomography). [96] Here, the photothermal therapy was done by 808 nm laser light exposure given to mouse which can increase the temperature in the areas where the NPs are deposited, to 51 °C which can eradiate tumor. Recently NPs made of electrochemical polymers with a Negishi coupling at the end are found to be good candidates for use in photothermal therapy. Cantu et al. showed that suspension of these NPs increases by 30 °C by absorbing the laser light and converting to heat energy efficiently. [97] Figure 9 explains the concept behind image guided therapy with thermal ablation.
Limitations and Perspectives
Even though various methods of functionalization and enhancing the molecular imaging are found and published in the discussed field, most of them are not reproducible exactly. Also the yield stated are very low which would require very large setup to commercialize the product. The functionalization processes require very different conditions to be prevailed for efficient surface modification. Also, the synthesis of NPs is an energy intensive process and obtaining uniform size is still not a reality in commercial aspects. Functionalization involves a lot of repeated processing of the NPs which further decreases the yield as in every chemical process we tend to lose the particles. Beside this, the clinical translations of these technologies are still not in proper practice, which is a major concern. The design considerations are extremely specific to facilitate various aspects of NP behavior in biological environment, and are composed of fundamental principles regulating clinical translation. The biocompatibility, efficient targeting ability, proper biodistribution and clearance of these nanoprobes are some of the key issues needed to be addressed with consistency in regulatory approval for their clinical applicability.
In future, more focus should be given to develop highly reproducible functionalization methods and incorporation of these nanoprobes to enhance molecular imaging, which can provide an approved clinical applicability. The functionalization of different molecules should be tried to be performed in a single step by having a common ligand/ attaching chemical molecule. The size range of NPs should be still narrower for use as nanomedicine and nanoprobes. With newly developed efficient functionalization methods and robust design approaches, the upcoming researches are expected to well address the multidimensional regulatory aspects of clinical translation.
Conclusion
This review paper summarized the recent and current research going on in functionalizing the NPs and how these functional Adv. Sci. 2017, 4, 1600279 groups attached can modify the usage of NPs and accordingly enhance specific imaging modality. Conjugation of molecules equips them with multifunctional properties and open doors to multimodal imaging and various simultaneous therapies that can be combined while imaging through functionalization were discussed. Also functionalization done to the particle specific to the imaging techniques from in vitro to in vivo can improve the information that can be analyzed and ease of differentiated imaging through high contrast. The surface modification in addition to widening the application of NPs has also increased the efficacy of the particles by making the NPs biocompatible, increasing the stability of the particles and thus allowing prolonged imaging for tracking the interested cells over a period after injection to know the final fate of the NPs and its action. Though there are certain limitations in functionalizing NPs, controlled functionalization with desired molecules can greatly influence the transformation of nano medicine industry in future.
